Real-time imaging and local elemental analysis of nanostructures in liquids
Wet chemical processing routes provide a cost-effective method of synthesising a wide variety of nanocrystal structures, although controlling and predicting the shape and size-distributions of the resulting nanomaterials remains a challenge. A deeper understanding of liquid-phase nanocrystal growth mechanisms is highly desirable, but progress has been limited due to the difficulty of probing dynamic processes occurring within liquids. Recent advances in nanofabrication have produced liquid environmental-cell (e-cell) specimen holders for the transmission electron microscope (TEM), 1,2 allowing atomic resolution imaging of nanomaterials in liquid. 3, 4 Real-time observations of nanocrystals in liquids have provided new insights into complex phenomena like nanoparticle growth and coalescence 3, 5 , but complementary elemental mapping of liquid phase systems was previously impossible. 6, 7 Liquid e-cell specimen holders for the TEM are fabricated with ultra-thin SiNx windows which sandwich specimens within a liquid or gaseous environment and are sufficiently thin to facilitate microstructural studies using the scanning/transmission electron microscope (S/TEM). 1, 5 These windows serve to both protect the instrument vacuum and to prevent evaporation of the environmental media. While studies of dynamic nanoscale phenomena in a fluidic environment present new and exciting opportunities for materials research, a limitation of e-cell designs has been that analytical spectroscopic techniques, which today have become standard tools for the characterization of nanomaterials in the S/TEM,8,9,10 are limited or virtually nonexistent in e-cell studies.6 Two different factors dominate this shortcoming for electron energy loss and X-ray energy dispersive spectroscopy (EELS/XEDS) respectively. EELS has proved effective for measuring the nominal thickness of liquid layers and changes in the valence EELS spectra have been used to give insights into dynamic processes, for example the lithiation and delithiation of a battery cathode, occurring in e-cells. 6 However, high sensitivity electron energy loss spectroscopy can only be achieved when sufficiently small volumes of material are analysed; in a typical liquid e-cell the combined thickness of the SiNx windows, the probed sample, and surrounding environmental media is substantial and multiple inelastic scattering events dominate the electron energy loss signal, making elemental identification from core-loss EELS peaks challenging and spatially resolved elemental spectrum imaging impossible.6 X-ray energy dispersive spectroscopy suffers from a different limitation in e-cell studies which is purely geometrical in nature. The physical design of the e-cell holder prevents characteristic X-rays, emitted from the region of interest, from reaching the XEDS detector(s). 6, 11 Due to this shortcoming, X-ray spectroscopy and elemental mapping has to-date been dismissed in e-cell experiments. This deficiency has recently been resolved by conscientious re-design of the e-cell holder,specifically the top plate of the e-cell holder was machined to remove material from key regions, reducing the extent to which X-rays were prevented from reaching the four detectors.11
In this work we demonstrate the first successful application of a modified e-cell holder to high-resolution elemental mapping in liquid at the 10 nm level. We show that when combined with a high brightness probe-corrected STEM and the latest generation of windowless, large collection angle X-ray detectors this technology provides a powerful tool for probing nanoscale chemical processes in fluids. We demonstrate that it is possible to simultaneously map the distribution of multiple elements at the nanoscale and to study the evolution of nanostructures as dynamic growth processes occur within the liquid.
As an exemplar, we have chosen to study an aqueous solution containing copper ions and a mixture of engineered nanostructures: silver nanowires (Ag-NWs), gold nanoparticles (Au-NPs), and palladium-decorated carbon nanotubes (PdCNTs). This nanoparticle "soup" was devised to provide a dynamic and chemically rich environment in which to test the limits of hyperspectral analysis of nanoparticles in liquid.
It is possible to identify regions of liquid by the greater electron scattering observed in the high angle annular dark field (HAADF) STEM image (Fig. 1b) , by the visible motion of small nanoparticles (Video S7), by EELS t/λ measurements (Fig. S4) , and by using a spectral signature measured using XEDS (Fig  1d) . The latter method provides unambiguous evidence of water. Two spectra taken from different regions of the same hyperspectral image, one region is liquid-filled and the other is liquid-depleted, show a marked difference. The signature of water is identified by noting the K shell X-ray intensity ratio of oxygen (from water) to silicon (from the SiNx windows); this ratio serves as an indication of the amount of water trapped between the SiNx windows. Experimentally, we find that the OK/SiK intensity ratio on a reference (liquid-free) SiNx window is nominally 0.024 ± 0.005 (Fig. S1 ). In contrast, the OK/SiK ratios measured in e-cells containing encapsulated liquid can be more than 100 times greater (Fig. S2) . A large variation in OK/SiK ratios arises from variation in the amount of liquid present in different regions of the e-cell, due to both bowing of the windows and entrapped pockets of air. 6, 12 Figure 1 shows that the experimental OK/SiK ratios correlate directly with the variations in contrast Fig. 2 . A bimetallic nanostructure in water was imaged before (b) and after (c) XEDS data acquisition, nanoparticle deposition has clearly occurred on and around the Ag-NW during data acquisition. Elemental maps (a)(d) and (e) extracted from fhe XEDS spectrum image, for the region of interest indicated by the dotted line in (b), shows an Ag-NW coated in Cu nanoparticles. An X-ray line profile (f) extracted from the spectrum image shows elevated Cu concentration on and around the Ag-NW.
observed in the corresponding HAADF STEM images; when variable thickness liquid films are present within the same field of view, dramatic differences are correspondingly observed in the oxygen signal from disparate regions.
In Figure 2 we demonstrate liquid-phase spectral imaging by observing dynamic nanoscale Cu precipitation. In situ XEDS elemental mapping conclusively identifies the precipitation of Curich species upon a silver nanowire (Fig. 2a,d ) which was entirely immersed in liquid. Spectra from the region of interest show the presence of a large oxygen signal (OK/SiK ~2.8), verifying the presence of water. Using hyperspectral imaging and postprocessing, we obtain a line profile (Fig. 2f) across the Cu-coated Ag nanowire in liquid, which succinctly demonstrates that a spatial resolution better than 15 nm is achievable. (Fig. S3) .
nanostructures.
2,5,13,14 However, until now it has not been possible to unambiguously identify or measure the composition of the resulting structures without first removing them from solution. This current work mitigates this problem. Figure 3 illustrates the beam-induced growth of Cu nanoparticles in the presence of other pre-synthesised nanostructures (Video S6). Based on a sequence of scanned HAADF images, an estimated areal growth rate of 550 nm 2 s -1 is calculated (Fig. S3) . Cu deposition does not occur uniformly across the field of view, suggesting that the pre-existing nanostructures influence Cu growth. 14 The spectral data in Figure 2 demonstrates that the Ag-NW is covered with an approximately 20 nm thick Cu coating formed during imaging in liquid containing Cu ions. Although the process of Cu deposition had commenced prior to starting the XEDS data acquisition, further Cu growth occurs during the acquisition of the spectrum images as is apparent from the differences in the appearance of the Ag nanowire in the pre-and post-acquisition HAADF images (Fig. 2b,c) . The XEDS data therefore represents an average structure for the period of acquisition. Despite this, the elemental spectrum image provides vital information about the chemistry of this complex multicomponent system. No deposition is observed for imaging of a similar dry Ag-NW (Fig. S1 ), confirming that this reaction is a direct result of immersion in liquid containing Cu ions. Figure 4 is a final example which establishes the power of elemental X-ray spectrum imaging during liquid e-cell experiments. This liquid immersed region contains a complete compendium of structures from our nanoparticle "soup" solution: Ag-NW, Au-NP, and Pd-CNT as well as copper deposited by the action of the electron beam. This area is less wet than that presented in Figure 2 with a lower OK/SiK count ratio of 0.85 compared to 2.77, this is, however, still more than 35x higher than the dry reference spectra. Only through the use of the elemental spectrum images is it possible to unambiguously interpret the HAADF image to distinguish the compositional distribution of the individual nanostructures present. From the XEDS data, it is clear that there are two ~40 nm diameter AuNPs on either side of the image and that the Pd-CNT contains a distinct residual Fe catalyst core. The smallest nanoparticles (<10 nm) which surround the Ag-NWs and Pd-CNT are mainly copper deposited from solution. An elevated Cu signal is seen along the edges of the Pd-CNT; copper deposition appears to occur preferentially on surfaces, so this elevated Cu signal is simply a consequence of having a large surface area parallel to the electron beam direction in these regions (Fig. 4c) .
Conclusions
This paper demonstrates a new technique capable of probing the local elemental compositions of nanocrystals in liquid. This provides the first means to directly observe and image nanoscale compositional changes occurring during wet chemical processes. Given that a great deal of nanomaterial synthesis and processing is achieved using wet chemistry and the improvements in nanomaterial properties possible with heterostuctured and alloyed nanomaterials, 9, 15 we expect this new and powerful tool to yield many important insights in the field of nanoscience. We suggest that this technique will be invaluable in a range of applications: in catalysis, where it could lead to a better understanding of both the synthesis of catalytic nanomaterials and their performance and degradation while catalysing liquidphase reactions; 10, 16 in metallurgy, where corrosion processes
